Introduction
In recent years, an increasing attention has been given towards the study of perovskite oxides with the formula A 3 B 5 X 12 because of their application in magneto-optical devices [1] , lasers [2] , and solid electrolytes [3] . Yttrium iron garnet (Y 3 Fe 5 O 12 ), or YIG, belongs to the class of garnet-type A 3 B 5 O 12 .
The crystal of YIG is described in the trigonal phase (space group R-3) [4] and cubic phase (space group Ia-3d) [5] . Recently, several works on improving the magnetic and electrical properties of YIG have been reported in the open literature [6] [7] [8] [9] [10] [11] [12] [13] [14] . K. Bouziane et al. [6] A theoretical investigation of the electronic, structural and optical properties is an important step towards the potential applications. It is, therefore, surprising that the calculations of the physical properties of YIG are scarce. To our best of knowledge, first-principles based on density functional theory (DFT) offers an effective tool to conduct a theoretical investigation on the physical properties of the compounds. What's more, the cubic phase of YIG is the most frequently investigated by researchers, while the research on trigonal phase is rare. In the present work, we have performed a firstprinciples calculation of electronic, structural and optical properties of YIG. The cubic and trigonal phases of YIG have both been considered in our calculation.
Computational method and results 2.1. Computational method and model
First principles calculations of YIG were performed using density functional theory (DFT) within the generalized gradient approximation (GGA) with the correction of Perdrew-BurkeErnzerhof for the exchange-correction potential employed in the Cambridge Sequential Total Energy Package (CASTEP) code [18, 19] . We used the Materials Visualizer to build the YIG model. The model of YIG is shown in Fig. 1 . The Fe-3d 6 4s 2 , Y-4s 2 4p 6 4d 1 5s 2 , and O-2s 2 2p 4 were treated as the valence states. Ultrasoft pseudopotentials (USP) were introduced by Vanderbilt [20] in order to ensure the convergence with the lowest possible cutoff energy for the plane-wave basis set. Integration over the Brillouin zone was performed via discrete summation over the special set of k-points using the Monkhorst-Pack method [22] . To ensure the convergence of the computed structures and energies, the Kohn-Sham orbitals were expended into plane waves with a kinetic energy cut-off of 380 eV, and the Brillouin zone k point integration was performed with a 4 × 3 × 5 grid size.
During the optimization, a total energy convergence of 0.5 × 10 −6 eV/atom, HellmannFeynman ionic force of 0.01 eV/Å, maximum stress of 0.02 Pa, and maximum displacement of 0.5 × 10 −3Å were used.
We used the material studio visualizer to build the YIG model. The models of YIG in cubic and trigonal phases are shown in Fig. 1a and 1b, respectively. The electronic configuration of Fe atom in Y 3 Fe 5 O 12 is 3d 6 4s 2 . According to the Hund's rules, atoms at ground states tend to have as many unpaired electrons as possible and all of the electrons in singly occupied orbitals try to maximize the total spin by holding the same spin directions. Thus, the Fe 3+ ion, which possesses five unpaired electrons in 3d state, belongs to the high spin state. 
Structural properties
The calculated lattice parameters of YIG in a cubic and trigonal phase are listed in Table 1 . As shown in Table 1 
171
and c = 10.69Å). These results acquired from full structural relaxation of YIG are a bit larger when compared with the experimental values. The slight overestimation of the cell volume and lattice parameters is a typical feature of the GGA functional. 
Electronic properties
The GGA band structure, total (TDOS) and partial (PDOS) densities of states, which have been analyzed for both phases, are displayed in Fig. 2  and 3 , respectively.
The calculated energy band structures of YIG in cubic and trigonal phases along the high symmetry directions in the Brillouin zone are shown in Fig. 2 . Fermi levels are set as zero energy level for YIG. As shown in Fig. 2 , the calculated band gaps for YIG in cubic and trigonal phases are 0.652 and 0.172 eV, respectively. The bottom of the conduction bands (CB) and the top of the valence bands (VB) are found to be 0 eV at G point and 0.65 and 0.17 eV at G points for cubic and trigonal phases, respectively, making both phases to be a direct band gap materials (G-G). It is well known that standard DFT calculation with current functionals have limited accuracy for band gaps, with underestimations larger than 1 eV being common when compared with the experimental data. Even the formally exact Kohn-Sham exchange-correlation function suffers from similar problems. It must be mentioned that the normal DFT calculation does not consider the electron correlation effect for transition metal 3d electrons, which results in an underestimated band gap. In transition metal systems, strong Coulomb repulsion between localized d orbitals is treated by introducing a Hubbard-like term to the effective potential, leading to a modified description of correlation effects (so called +U). However, the +U operation is dependent on the hardware requirement, and in comparison to the standard GGA (without +U), it is more time-consuming. X. T. Jia et al. [23] obtained the band structures of YIG in a cubic phase using GGA and GGA+U method with the band gap of 0.33 and 1.25 eV, respectively. It is sure that GGA (without +U) is sufficient to describe the structural properties of YIG. Furthermore, the feature of optical spectrum was well described in the Kohn-Sham model by Jones despite the underestimated band gap [24] . An efficient way of dealing with the underestimated band gap is to make a rigid energy shift of conductive band to represent the experimental data (so called scissors operation). Fig. 3 shows the calculated total and partial DOS of YIG in both phases. Since the features of PDOS of Ia-3d and R-3 phases are almost similar, for the sake of simplicity, we only discuss the PDOS of Ia-3d structure. From Fig. 3 
Optical properties
To the best of our knowledge, the dielectric function is predominantly associated with the electronic response. The imaginary part ε 2 (ω) of dielectric constant is derived from the real transition between the unoccupied electronic states and is given by [25] :
where e is the electric charge, − → p is the dipole matrix and ki(j) is the conduction (valence) band wave function corresponding to the i th (j th ) eigenvalue with crystal momentum k. E ki and f(ki) are the energy of electron for the i th state and the Fermi distribution function. For the calculation of optical properties, a scissor operator should be used to fix the underestimated band gap. Fig. 4 shows the dielectric function of YIG in cubic and trigonal phases. The imaginary or the absorptive part of the dielectric function ε 2 (ω) is directly associated with the energy band structure. It is seen that the spectrum of ε 2 (ω) for YIG phases shows two peaks. The major peak is located at around 3.8 eV/3.4 eV for cubic/trigonal phase corresponding to the transition from O-p electrons to Fe-3d and Y-3d states. The imaginary parts of the dielectric function for YIG cubic phase increase rapidly from 2.9 eV, forming the first peak, and the magnitude is much higher when compared with YIG trigonal phase. It indicates that YIG cubic phase shows a relatively high absorption.
The calculated absorption coefficient, extinction coefficient, refractive index, reflectivity and energy loss function are shown in Fig. 5 . Gaussian smearing of 0.2 eV has been used in our calculation. The absorption edge starts from about 2.9 and 2.4 eV, corresponding to the fundamental energy gaps for YIG Ia-3d and R-3 phases, respectively. The absorption of YIG is very large (10 6 cm −1 ) in the visible light region. As shown in Fig. 5a , the YIG Ia-3d phase has a higher absorption than the R-3 phase, which can also be reflected in the spectrum of ε 2 (ω). The refractive index and extinction coefficient are shown in Fig. 5b and 5c . The static refractive indexes n(0) of cubic and trigonal phases are 1.6 and 1.8, respectively. The n(ω) of trigonal phase increases in the infrared region forming a peak in the visible light area at about 2.8 eV, while the peak of n(ω) in the cubic structure is located at around 3.3 eV.
The reflectivity and energy loss function of fast electrons traversing our crystal correspond to each other, for instance, the major peak of the loss function corresponds to the trailing edge in the reflectivity spectrum. In cubic phase, the predominant peak of loss function is located at about 10.2 eV corresponding to the drastic reduction of the reflectivity. In trigonal phase, the sharp peak is situated at about 4.33 eV. Fig. 5e displays the reflectivity in both phases. As shown in Fig. 5e , in the range of 0 to 2.9 eV, the reflectivity is lower than 20 %, which indicates that YIG is a transparent material in the infrared. 
Conclusions
In conclusion, the structural parameters, electronic structure and optical properties of YIG were investigated by using the first principles within the GGA. Our structural parameters were slightly larger than the experimental values. The calculated band structure showed that both phases of Y 3 Fe 5 O 12 had direct band gap (G-G). According to the analysis of density of states, the O-2p electrons show a hybridization character with Fe-3d and Y-3d electrons. To discuss the optical properties the dielectric function, absorption, refractive index, energy loss function and reflectivity have been calculated. The characteristics of optical spectrum of YIG are influenced by the transition from the O-2p states (in the VB) to the Fe-3d and Y-3d states (in the CB). In the infrared, the low absorption and reflectivity indicate that YIG is almost transparent in this region.
